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ACOUSTIC EMISSION MONITORING OF FRACTURE DEVELOPMENT 

By Sterling J. Anderson 1 and Peter L. RUZ.li 2 

ABSTRACT 

Through the use of nondestructive testing techniques, the Bureau of 
Mines is pursuing a goal of improving the efficiency of the rock excava­
tion process. Toward this end, 44 laboratory tests were conducted to 
identify a practical method of monitoring fracture development in rock, 
as caused by an excavation tool. An acoustic emission CAE) transducer 
was used to monitor the test samples as they were loaded. The signal 
from this instrument was recorded in real time along with the radial and 
axial loads generated by the fracturing device. Through the review 
of these signals on a common-time base, it was possible to see the 
relationship between the developing fracture and the loading 
conditions. 

As a part of the posttesting investigations, samples that were 
pletely fractured were sawn and ground to expose the fractures. 
examination of these samples allowed approximations to be made 

incom­
Visual 
of the 

total surface created. Surface area approximations were also made for 
the completely fractured samples. Quantitative analyses · of the AE 
signals were conducted for comparisons with the calculated surface 
areas. 

1Mining engineer. 
2Mining engineering technician. 

Twin Cities Research Center, Bureau of ~~ines, Minneapolis, MN. 
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INTRODUCTION 

Mining involves a series of independent 
actlons to remove ore from its host rock . 
One of the actions important to efficient 
mine productivity is the primary fragmen­
tation process r The Bureau of M~_nes is 
conducting basic research directed to­
wards gaining a better understanding of 
this fragmentation process. In particu­
lar, investigations were undertaken to 
study the relationships between alterna­
tive methods of loading rock by excava­
tion tools and the rock's fracture 
response to loading. 

To facilitate these investigations, a 
nondestructive testing technique called 
AE monitoring, capable of remotely sens­
ing the phenomena of fracture initiation 
and propagation, was used. Rock, like 
many other materials, when stressed, pro­
duces an impulse generated by the release 
of strain energy stored internally within 
its structure and manifested in the form 
of elastic waves. These waves travel 
through the mass, to and then along the 
surface of the mass. Sensors that re­
spond to these surface waves are the 
heart of the AE monitoring technique. 
Differing sensing techniques have been 
used, including optical- and capacitance­
style transducers (1).3 Piezoelectric­
style transducers dre the most commonly 
used and have the greatest sensitivity 
with the ability to detect displacements 
as small as 10- 12 m (1). Sources of AE 
include dislocation movements, phase 
transformations, friction mechanisms, and 
fracture formation and extension. Of 
these, friction mechanisms and fracture 
formation are of greatest significance. 
Fracture initiation occurs at points 
within a mass where local stresses exceed 
a critical level. The resulting fracture 
formation creates new surfaces, and a 
burst of strain energy is released that 
is partly transformed into AE. AE at­
tributed to friction mechanisms occurs 
within the fracture by the sudden 

3Underlined numbers in parentheses re­
fer to items in the list of references 
preceding the appendix. 

relative movement of 
faces (1) , Another 
that can result in 
tool-rock interac t i on. 

its adjacent sur­
friction mechanism 

AE activity is 

Traditionally, AE monitoring techniques 
have been used to monitor microseismic 
activity in the fields of ground control 
and tectonics (~-2)" More recently, AE 
equipment has been developed that can 
monitor the failure of materials on a 
much smaller scale (1). Researchers have 
been employing this technique to study 
the failure mechanisms of rock by examin­
ing the AE signal's characteri s tics (~­
i), to identify mechanical properties by 
examining the rate of AE (10), and in 
general to evaluatE the usefulness of the 
AE signals generated in these studies. 
Controversy remains over the interpreta­
tion of AE signals (11); however, there 
exists a consensus in agreement among 
these authors (1-11), and the authors of 
this report, thar-AE monitoring is an 
excellent technique for remotely sensing 
the failure of rock. 

In -t-Ris laboratory investigation, an 
assumption was made that a relationship 
should exist between the AE activity gen­
erated during fracturing and the amount 
of fracture surface area created. Based 
on this assumption, experiments were con­
ducted in an attempt to provide a method 
for remotely characterizing the extent of 
fracturing caused by an excavation tool. 
To achieve this goal, rock samples were 
fractured while being monitored by a 
single AE transducer. The extent of 
fracturing was varied from sample to sam­
ple, and in many trials, fractures were 
purposely arrested within the sample. In 
the trials where arrested fractures were 
produced, the samples were sawn and 
ground so that visual examinations of the 
fractures could be made. From visual 
examinations of all the samples, fracture 
surface areas were calculated. Correla­
tions were then made between the calcu­
lated fracture surface areas and the sum-

mations of the corresponding AE signal 
event coun ts a nd even t amplitudes . As a 
complimentary goal , the AE signal was 



also st~died i~ its real - time context to 
establish its usefulness in delineating 
the loading conditions under which 

frac t ure 
occurs, 

initiation 
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and propagation 

APPARATUS AND MATERIALS 

Sample loading was accomplished with an 
in-hole fracture device (fig. 1). This 
laboratory device was designed in-house 
(ll), and its design is based upon a pri­
mary excavation tool developed by the 
Institute CERAC in Switzerland (11) . The 
in-hole fracture device operates f r om 
within a previously drliled hole and is 
hydraulically powered. The device is 
made up of a special hydraulic cylinder 
containing two pistons, each capable 
of independent movement, and components 
that load the rock from within a pre­
drilled hole. From their rest positions, 
(fig. 2), the two pistons travel toward 
each other within the cylinder. The 
wedge component is attached to the for­
ward piston, which draws it into the 
cylinder body. This action causes the 
leaves of the feather components to de- ­
flect radially outward, come into contact 
with the hole wall, and anchor the device 
within the rock mass under a radial load, 
much like a mechanical rock bolt. The 
thrust-rod component is attached to the 
second piston and is advanced by its 
action, causing the rod to contact the 

hole bottom and develop a load. This 
axial load produces tensile stress in the 
rock sample, causing the rock surrounding 
the device to be torn free from the mass 
as it moves outward with the device 
(fig . 3) . If done carefu l ly , slow fr ac ­
ture growth and ar r ested fractures can 
be generated" 

By means of a load cell, a calibration, 
with an error of ±l pct, was made of the 
pressure - load relationships for each of 
the two functions the device performs. 
As expected, linear relationships were 
developed by these trials with system 
losses due to hydraulic fluid flow and 
mechanical friction amounting to about 
70 psi in both cases. 

The pressure-load relationships devel­
loped were 

and 

where R 

A 

R 9.76 Pl - 681 

A 3.42 P2 --248, 

radial load, lb, 

axial load, lb, 

o 
I 

2 
I 

:3 

Scale, in 

4 5 
I 

FIGURE 1.-ln·hole fracture device. 
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FIGURE 2.-Fracture device detail. 
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FIGURE 3.-Fracture device action. 
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and 

pressure driving piston to 
where wedge is attached, psi, 

pressure driving 
where thrust is 
psi. 

piston to 
attached, 

The axial load is simply a function of 
the effective area of the piston. The 
radial load is much greater and is a 
function of not only the effective area 
of the piston driving the wedge, but also 
of the wedge angle and the efficiency 
with which the wedge and feather trans­
late this action into the radial load. 
The feather, wedge, and thrust-rod compo­
nents of the in-hole fracture device are 
the load-transmitting members, and their 
design is critical for the effective op­
eration of the device. 

Tool steels that were heat treated for 
increased hardness and strength were used 
for these three concentric components. 
The centrally located thrust rod, made 
from AISI Type 02 steel and hardened to 
56 Rc, has a 5/16-in diam, a 7/16-in 
stroke, and works under loads up to 6,500 
lb. The wedge, made from AISI Type 02 
steel and hardened to 56 Rc, has a 
11/16-in stroke and works under loads up 
to 5,000 lb. This component is posi­
tioned with sliding clearances between 
the feather and thrust rod, and it re­
sembles a thick-walled tube from which 
emerges a cone-shaped end of I-in length 
and 7° included angle. The feather, made 
from AISI Type L6 steel and hardened to 
50 Rc, is split axially into four equal 
components for separation and radial 
expansion by the wedge. This component, 
like the wedge, has a cone-shaped end, 
with an included angle of 3° and a maxi­
mum diameter just under 5/8 in at the 
feather's leading edge, insuring a close 
fit with a predrilled hole of 5/8-in 
diam. 

The in-hole fracture device is powered 
by two hand-operated hydraulic pumps 
(fig. 4). One is a single-speed pump 
with a manual load-release valve, and the 
other is a two-speed pump with a manual, 
three-position, four-way, directional 
control valve. Each pump actuates one of 
the splitter's pistons and sends the 
return fluid to the pump equipped with 

In- hal. 

devic.e 

Sampl. 

Pressur" line 

R.+urn line 

Pr.,sur. line 
l3-P05i1ion, 

4-way valve 

FIGURE 4_-Hydraulic circuit. 
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the four-way valve. Repositioning of the 
four-way valve and release of the relief 
valve allows the two-speed pump to return 
the pistons to their rest positions. The 
pumps offer excellent control over the 
fluid pressures supplied to the cylin­
ders; they allow for slow pressurization 
and holding of the pressure without at­
tendance. For more information regarding 
this device and its use, see reference 
12. 

Pressures relating to the radial and 
axial loads were monitored by gauges and 
pressure transducers mounted in the sup­
ply lines. Signals from these trans­
ducers were fed into a digital oscillo­
scope where they were recorded as a 
function of time. 

The piezoelectric AE transducer used in 
these tests has a resonant frequency of 
60 kHz and an integral preamplifier that 
provides 40 dB of signal gain. The 
transducer's output is a varying dc vol­
tage that envelopes its resonant charac­
teristic. The amplified AE event signal 
features a fast rise time and an expo­
nential decay that is a function of the 
ringdown of the sensor. The signal from 
the transducer is further conditioned by 
an additional 60 dB of gain and the fil­
tering out of its negative portion. The 
conditioned signal, with a range of 0 to 
15 V, is fed into the digital oscillo­
scope. Ambient AE signal readings taken 
with the AE transducer held to the rock 
sample produced a baseline threshold 
level of 0.25 V. Only AE events that 
surpassed this threshold were used in 
these evaluations. During testing, the 
transducer was held tight to the test 
sample by an elastic band, and no 
coup1ant was used. 



Each of the transducers, AE and pres­
sure, sent their signals to the digital 
oscilloscope via coaxial cable where the 
signals were captured in real time and 
postdata acquisition processing took 
place (fig. 5). The digital oscilloscope 
is a four channel unit with 12-bit reso­
lution and 32 KB of memory per channel. 
In producing a single data point, the 
unit takes an average of the analog input 
signal over the sampling interval. The 
minimum sampling interval available is 10 
~s; however, a sampling interval of 20 ms 
was used in these tests. This sampling 
interval was used to allow the oscilli­
scope to capture the test data in full. 
This sampling technique, however, did 
preclude full AE event characterization, 
making it possible to identify the event 
only by its real-time occurence and 
amplitude. The digital oscilloscope is 
capable of triggering its data acquistion 
by a change in voltage in anyone of the 
four channels. The unit also features a 
disk drive for data storage and retrie­
val, an X-Y plotter, and postdata 
acquisition processing capabilities. 

Testing was conducted in blocks of Sa­
lem limestone. This rock has a bioclas­
tic texture and is made up of shells 

In- hole 

fracture 
device 

Sample 

Hydraulic lines 

A E iransducer 

Pre~~ure 

transducer~ 

Signal 

conditioner 

of gastropods, crinoid stems, and cal­
iches that are cemented together by 
crystalline calcite. The proportions of 
these phases are approximately 69 pct 
fossiliferous calcite to 31 pct calcite 
cement (14). See table 1 for a partial 
listing -Of Salem limestones physical 
properties. 

For the tests, each of the Salem lime­
stone samples was similarly prepared. 
Large blocks were first cut into 8- by 8-
by 4-in sample size, then predrilled with 

TABLE 1. - Physical properties 
of Salem limestone (Indiana 
limestone, Bedford, IN) 

St rength, ps i: 
Compressive..................... 9,991 
Tensile......................... 502 

Shore hardness 
scleroscope units •• 

Apparent density ••••••• slugs/ft 3 •• 

Modulus, 10 6 psi: 
Static young's •••••••••••••••••• 
Dynamic young's ..•.•.••••...•••• 
Shear .•.••...•....•............. 

Po i S-SlJn .J s- r1ft io. • • • • • • • • • ••••••••• 

NOTE.--Source: reference 15. 

Signal 
c ond i ti oner 

Signal 
acquisition 
Analog to 
digital. 
conver!llon x-v 

32 
4.635 

4.4 
4.65 
2.32 
0.33 

recorder 

FIGURE 5.-lnstrumentation. 



a S/8-in-diam bit to a depth of 1-1/2 in 
to receive the in-hole fracture device. 
These holes were centered on an 8- by 
8-in face of the sample, and because of 
the required overdrilling, provided for a 
fracture initiation zone at a depth of 
3/4 in from the block's surface. These 
holes had an orientation parallel with 
the bedding (fig. 6) so that the gener­
ated fractures ran across the bedding. 
This orientation was selected because 
earlier work with the device showed that 
the fractures may run preferentially 
down the bedding planes if the device 
or hole orientation is perpendicular 
to them. 

82dding 

/ 
/ 

4" 

/ 
/ 

/ 

7 

/ 

/ 
/ / 

/ 
Iq / / / 

/ I ~I 

1/ ' 

/t:; / 

FIGURE 6.-Test sample. 

PROCEDURES 

Test preparations were initiated by 
placing a sample on the test bed. In 
order to isolate the sample from extrane­
ous vibrations, the test bed consisted of 
a 24- by 19- by 31-in block of limestone 
that was supported over a standard wood 
framework floor resting on a concrete 
slab. The sample was further isolated 
from the block by a I-in-thick felt pad. 
\Hth the sample in place on the bed, the 
AE transducer was positioned and the in­
hale fracture device was set in place. 
To minimize movement by the in-hole de­
vice, it was mounted in a supporting 
stand (fig. 7). When all equipment was 
in place, a check was made of the digital 
oscilloscope settings, and the oscillo­
scope was set to trigger and capture data 
based on the rise in radial load. The 
hand pumps were then operated supplying 
the radial and axial loads, and the frac­
ture event was monitored. During test­
ing, loads were applied at similar rates 
until AE signal levels were indicative of 
fracture development. At that point, the 
loading was slowed to facilitate slow 
fracture growth and/or arrested frac­
tures. Arrested fractures were produced 
in these tests to provide a variety of 
fracture surface areas with which to 

correlate the AE activity. Typically, 
the tests were conducted in under 60 s. 
At test conclusion, the three channels of 
data corresponding to the signals from 
the AE activity and two pressure signals 
were stored on a floppy disk and plotted 
together by the X-Y plotter. 

For those tests where the fractures had 
been arrested within the sample, the 
blocks were sawn into quarters, and the 
eight newly created surfaces were ground 
(fig. 8) for viewing. The new surfaces 
were examined under a stereo microscope 
(X 70) for the extent of primary fracture 
development and for damage in the anchor­
ing zone. From these observations, esti­
mates were made of the surface area 
developed by the primary fracture. 

The following method was used to esti­
mate the surface area of the fracture: 
The extent of fracturing was measured 
f~om the upper surface of the quartered 
blocks (t) and from the edge of the drill 
hole at the fractur~ initiation point to 
the crack tip (d) (fig. 9) for all eight 
of the newly created faces of the origi­
nal samples. Assuming that the fracture 
length was the same for the matching 
faces, the longest measurement of the 
pair was used for the fracture length 
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FIGURE 7.-Laboratory facility. 

FIGURE 8.-Posttestlng sample preparation, the shaded sur· 
faces are those prepared for viewing. 

FIGURE 9.-Surface area of fracture construction detail. 



in that direction. The four orthogonal 
measurements were then averaged to estab­
lish an average fracture length for the 
block. At this point, the fracture was 
assumed to have a conical profile start­
ing at the edge of the drill hole, at a 
3/4-in depth from the surface of the 
block, and ending at the crack tip, with 
a linear distance equal to the block's 
average. This linear approximation was 
then used in the following surface­
area-by-revolution formula to calculate 
an approximation for the fracture surface 
area. 

Area 21T (1+a 2 )1/2 (1n2 + bn), 

where a 

and 

n 

b drill-hole radius, 5/16 in, 

n = 3/4 - t, in, 

d linear approximation for the 
crack length, in, 

t depth of the crack tip mea­
sured from the surface, in. 

In the tests where the fractures ex­
tended to the surface, freeing a part of 
the mass, a slightly different method was 
used to estimate the surface area. The 
distance that the fracture surfaced 
from the edge of the drill hole was mea­
sured in the same four orthogonal direc­
tions used in the cases where the blocks 
were first quartered (fig. 10). These 
measurements were then averaged to estab­
lish a block average. The fracture was 

9 

assumed to have the same conical profile 
described earlier, and the same formula 
was used to calculate an approximation 
for the fracture surface area. The dif­
ference lies in the definitions of the 
variables. Restating the formula: 

Area 

where 

and 

c a =-, 
n 

b the drill hole radius, 5/16 
in, 

n 

c 

the distance from the surface 
to the fracture initiation 
point, assumed to be 3/4 in, 

the average distance from the 
edge of the drill hole to the 
surfacing of the fracture, 
in. 

FIGURE 10.-Surface area of fracture construction detail for 
completely fractured sample. 
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DISCUSSION OF RESULTS 

One of the objectives of this work was 
to provide a method of demonstrating the 
correspondence between the loading and 
the initiation and propagation of frac­
tures. Towards this end, the AE monitor­
ing worked extremely well, providing the 
capability to determine when failure was 
taking place. In posttesting review of 
the AE and loading history on a common­
time base, it was possible co accurately 
describe the loading levels at discrete 
failure events. 

Figure 11 displays the AE signal rela­
tionship for a typical load from test 11. 
Region A of this figure displays the ap­
plication of the radial load and the cor­
responding AE activity. In four separate 
trials, the extent of damage, or fracture 
development due to the radial load alone, 
was investigated. Within these tests, 

typical radial loads were applied. As 
with the test samples containing arrested 
fractures, these test blocks were quar­
tered and inspected under a microscope 
for the extent of damage. In all four 
trials, a damaged zone containing both 
crushed material and fractures was formed 
at the feather-limestone interface that 
extended for a radius of approximately 
3/16 in from the line of contact. The 
fractures contained in this zone were 
roughly parallel to the compressive an­
choring load, and it appeared that under 
additional loading, these fractures 
coalesced to form the primary fracture. 
Indeecl, primary fractures parallel to the 
compressive load can be run under this 
load alone, even though this loading was 
intended only to provide sufficient grip 
for the mass to be fractured by the axial 

5 r-----------,-----------~------------r_----------._----------_r----------~IO 
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FIGURE 12.-Load-AE signal relationships. 

load. See the tests with the zero axial 
load in the appendix table for examples 
of these trials. The AE activity asso­
ciated with region A is, therefore, at­
tributable to a combination of sources, 
including friction caused by tool-rock 
interaction that caused by-grain movement 
during crushing, and fracture formation 
and extension. 

Region B in the figure depicts the re­
action of the sample to the application 
of the axial load. Because the thrust­
rod component is loading against the bot­
tom of the hole, AE activity is sometimes 
present in response to the compressive 
loading at this interface and to relative 
movement at the feather-rock interface. 
Region C in the figure shows the develop­
ment of the primary fracture. Note the 
relationship between the loads and the 
restarting of arrested fractures; figure 
12, "test 26" shows that with an increase 

in radial load, the arrested fracture is 
restarted under loading conditions that 
are less than those previously required 
to start the fracture. This phenomena is 
a function of the distance the fracture 
front has proceeded from the point of ap­
plication of the load and the resistance 
to fracturing in the immediate vicinity 
of the fracture front. The loading sys­
tem used in the tests stores energy that 
is primarily released through failure of 
the sample. The figure shows the rela­
tionship between the falling loads and 
the discrete AE events, and thereby, the 
load and fracture propagation relation­
ship. Arrestment of the fracture is 
indicated by the periods in the AE signal 
containing no activity. 

Another objective of this work was to 
provide a remote method of characteriz­
ing the fracture development in real­
time, with the hypothesis being that a 



12 

relationship should exist between the 
number of AE events and the amount of 
surface area created. Within the various 
tests, the radiating fracture front was 
arrested at different stages of its de­
velopment, as indicated by the fracture 
surface areas given in table A-I. The 
number of event counts related to the 
total number of threshold crossings by 
the AE activity were summed and compared 
to the fracture surface area created in 
each test. In a comparison of the total 
number of counts, or the sum of counts 
over the entire test, with the fracture 
surface area, no correlation was found. 
In an additional comparison, the counts 
relating to the AE activity over region C 
of the loading history were summed and 
compared to the fracture surface area 
created in each test where axial loads 
were applied (fig. 13 top). In this 
comparison of region C activity to the 
surface area, some of the AE signal vari­
ation attributable to mechanisms such as 
crushing and tool-rock interactions can 
be bypassed. The figure shows a trend in 
the data that suggests a correlation. 
Using linear-regression techniques, the 
relationship between the surface area and 
the event counts over region C of the 
loading history were evaluated. The fol­
lowing relationship was derived: 

AEC 3. 45 SA + 77. 07 

(with r2 = 0.26; see below), 

where SA calculated surface area, in, 

and 

r2 coefficient of determination, 

AEC event counts relating to the 
AE activity over region C of 
the loading history. 

In this relationship, r2 is the propor­
tionate reduction of total variation as­
sociated with the use of the independent 
variable. Thus, the larger the coef­
ficient, the greater the total variation 
reduced by introducing the independent 
variable. 

In search of a better correlation, 
event energy based on the square of the 
event amplitude was summed and compared 
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FIGURE 13.-Surface area versus event count sum for region 
C (as shown in figure 11) AE activity (top) and surface area versus 
event amplitude summation for AE activity in same region 
(bottom). 

to the fracture surface area. The cor­
relations produced were only slightly 
better than the event count sum compari­
sons. A better correlation was produced 
when event amplitudes multiplied by the 
sampling interval were summed and com­
pared to the calculated fracture surface 
area (fig. 13, bottom). As with the com­
pars ion using the event count sum, no 
correlation was found when the comparison 
was made over the entire test. However, 
when the comparison was made with the 
region C AE activity, the following 
relationship was derived: 



SAEA O.12SA + 1.23, 

where SAEA = sum of the AE 
tudes times 
interval of 
re C of 
history. 

"" 0.40, 

ms over 
the loading 
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Thereby. the creation of fracture sur­
face was found to n 40 of the 
variation in the summation of the event 
amplitudes. In a nul is test 
after Chatterjee 16 this relat 
was found to significance with 
99 pct confidence. The appendix table 

the data for these sons. 

SUMMARY AND CONCLUSIONS 

With the si -transducer AE monitor-
ing system used in these tests. a rela­
ti between the AE s and the 
extent of fracturing could not be devel-

at this time. Better correlation 
was • and and materi­
als were reexamined to help clarify the 
perceived problem. An obvious proposal 
is that the inhomogenei of Salem lime­
stone contributed to the The 
size and of fossil forms that make 
up the mass and the number of voids pre­
sent can from one area to 
another within a sample. Another consid-
eration is the of Cou-
p was achieved of an 
elastic s holding the 
securely to a side face of 
However, because no couplant was used to 
enhance the transmittal of the elastic 
wave to the transducer, and because the 

of was not checked before 
each test, the assumption that the 
of ng was constant for each indi­
vidual test may not be valid. In ng 
work, these problems will be addressed 

through the use of rock that are 
more and isotropic and 
through the development of a method of 
calibrating the of coupling. A 
final consideration is the system's in­
ability to distinguish between actual 
fracture events and AE events attribu­
table to tool-rock interactions. Future 
studies will use AE source location tech­
niques employing multiple transducers to 
locate the sources of AE events 17. 
This should the means 
by which actual fracture events can be 
distinguished from tool-rock interaction 
noise. 

However, this work has confirmed the 
acute sensitivity of AE transducers to 
the failure of material. This monitoring 

is very successful because of 
the excellent feedback the AE transducer 
provides on the rock response to 
Through the use of these instruments and 
real-time monitors, load and fracture de-
ve relationships can be accura 
described. 
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APPENDIX.--TEST DATA 

Maximum 
Test load, lb 

Radial Axial 
1 ••••••.••••••••• 3,812 1,803 
2 •••••••••••••••• 4,207 1,681 
3 •••••••••••••••• 3,092 913 
4 •••••••••••••••• 4,303 0 
5 •••••••••••••••• 2,940 0 
6 •••••••••••••••• 3,955 2,718 
7 •••••••••••••••• 5,137 2,016 
8 ••• • • •• ••• • • •• •• 5,084 2,275 
9 •••••••••••••••• 4,379 2,454 

10 •••••••••••••••• 4,641 1,858 
11 •••••••••••••••. 4,012 2,504 
12 •••••••••••••••• 3,726 1,873 
13 •••••••••••••••• 3,807 1,776 
14 .. II ••••••••••••• 4,436 1,687 
15 •.....•••....... 5,961 584 
16 •••••••.•••••••• 4,655 0 
17 •••••••••••••••• 5,137 0 
18 •••••••••••••••• 4,446 1,133 
19 •••••••••••••••• 4,927 2,130 
20 •••••••••••••••• 5,480 0 
21 •••••••••••••••• 5,218 2,003 
22 •••.••••••••••••• 4,836 2 ; 2.27 
23 •••••••••••••••• 5,008 2,078 
24 •••••••••••••••• 4,117 0 
25 •••••••••••••••• 4,164 2,380 
26 •••••••••••••••• 3,087 1,576 
27 •••••••••••••••• 2,439 0 
28 •••••••••.••.••. 2,935 1,682 
29 •••••••••••••••• 3,750 1,504 
30 •••••••••••••••• 3,240 1,946 
31 •..••••.•••..•.• 6,500 1,235 
32 •••••••••••••••• 3,616 1,576 
33 •••••••••••••••• 4,217 983 
34 •••••••••••••••• 5,241 1,292 
35 •••••••••••••••• 3,492 1,876 
36 •••••••••••••••• 3,578 1,510 
37 •••••••••••••••• 3,979 1,978 
38 • • • •• • • • • • • ••• • • 4,117 1,532 
39 •••••••••••••••• 5,980 1,719 
40 •............... 2,887 1,395 
41 ................ 3,211 0 
42 •••••••••••••••• 4,846 0 
43 •••••••••••••••• 3,807 0 
44 •••••••••••••••• 3,778 0 
INo axial load for these tests. 
2Primary fracture not developed. 
3Voltage times time (in seconds). 
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Surface Event 
area, Total 
in2 AE 

23.90 168 
35.37 310 
25.84 550 
18.31 4,)9 

.31 481 
29.27 521 
48.99 309 
50.11 373 
28.15 74 
32.32 122 
16.90 413 
14.17 189 
21. 52 363 
56.66 482 
15. 15 344 
8.32 186 

31.14 253 
33.37 132 
13.98 119 
26.11 154 
12.97 152 
16.17 230 
12.59 106 

2.07 132 
25.32 273 
20.47 677 

.06 452 
20.47 320 
27.74 336 
24.02 462 
6.99 235 

10.45 197 
14.58 275 
37.91 466 
42.41 279 
25.58 199 
13.60 135 

2.58 44 
16.21 396 

9.09 523 
(2 ) 318 
(2 ) 191 
(2 ) 60 
(2 ) 159 

count sum Event amplitude sum,3 
Area C, Total Area C, 

AE activity AE AE activity 
70 3.99 2.57 

140 6.17 3.49 
226 14.54 9.48 
(1 ) 4.71 (1 ) 

(1 ) 14.57 (1 ) 

264 8.71 6.59 
210 7.20 6.34 
278 8.59 6.84 

44 1. 52 1. 30 
94 3.36 3.06 

155 5.44 2.19 
129 4.54 4.17 
126 4.36 2.27 
344 9.47 8.01 
128 8.25 5.82 
(1 ) 5.16 (1 ) 

(1 ) 4.47 (1 ) 

108 3.98 3.74 
91 3.59 3.17 

(1 ) 4.0'6 (1 ) 

96 2.20 1. 69 
178 6,· 38 5.94 

71 2.17 1.94 
(1 ) 1. 30 (1 ) 

171 6.05 4.61 
348 9.81 4.52 
(1 ) 12.62 (1 ) 

145 5.55 2.80 
106 5.49 3.51 
120 9.95 5.90 
103 2.86 1. 50 

90 2.01 1.13 
159 3.38 2.19 
341 10.51 9.55 
249 5.28 5.07 
122 3.59 2.96 

84 2.37 1. 74 
14 .62 .36 

238 5.21 3.30 
299 9.59 3.19 
(1 ) 7.96 (1 ) 

(1 ) 2.27 (1 ) 

(1 ) .44 (1 ) 

(1 ) .22 (I ) 
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